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Introduction
Ultra-relativistic collision of heavy nuclei offer the possibility of creating a new state of matter -the quark gluon plasma. Current estimates 1 indicate that this plasma state could be reached by increasing the energy density of hadronic matter by an order of magnitude over that found in nuclei (€Nuc -0.15 GeV/fm 3 ). Unfortunately, such high energy densities are expected to be reached only for short times, AT - few fm/c, due to the rapid longitudinal expansion of the plasmal However,
. f h . 11 2-5 1 t e expansion proceeds hydrodynamlca y ,then information about the interesting early stages of the collisions can be extracted from the final rapidity density, dN/dy, of hadrons. Specifically, the initial energy 6 1+ 2 2 density, €o' can be related to dN/dy via €o cr (dN/dy) c, where Co is the speed of sound. The above relation is obtained assuming the validity of sc~ling hydrodynamics 5 ,7-9 and the absence of dissipative effects.
In this paper we estimate the magnitude of the transport coefficients of an idealquark-gluon plasma with SU(3) color and two flavors. We concentrate on the mid-rapidity plasma where the baryon chemical potential, ~a' can be ignored in comparison to the temperatute, T.
Dimensional considerations dictate 10 -15 that the viscosity coefficient, n, must be found proportional to T3. By imposing the physical constrains that the momentum degradation mean free path, A, must be larger than both the interparticle spacing and the thermal Compton wavelength, we obtain an approximate lower bound, n > 2T3. We also derive a practical upper bound on n < €T/4 -3T 3 (TT) that is necessary for the applicability of the Navier-Stokes equation. We study how standard many body perturbation theory estimates of n fails near the transition temperature and consider the possible importance of antiscreening effects. The absence of heat conduction, K, in baryon free plasmas is emphasized, and we show why the Landau definition of K is preferred over the Eckart choice for small chemical potential. A possible source of bulk viscosity,t.;, is considered due to the finite relaxatinn time of the plasma to hadron phase transition. Finally, we solve the Navier-Stokes equation with the scaling boundary condition to estimate the magnitude of entropy production due to dissipative process in ultra-relativistic nuclear collisions. We find that dissipative effects could reduce the estimated initial energy density by a few GeV/fm 3 relative to ideal hydrodynamics estimates.
Relativistic Hydrodynamics and Heat Conduction
;',"
We review first the hydrodynamic formulation to help clarify some f · . h l' t . t h h d t . 3 5 9-11 con USlon ln t e l erature concernlng e eat con uc lon "
• Relativistic hydrodynamics is based on the local conservation laws, (2.1)
ax a where TaB is the energy-momentum flux tensor, and n a is the 4-flux of a quantum number. The equations are closed through the assumption of local thermodynamic equilibrium. In the local rest frame of an ideal fluid 16 T aa = diag (€,P,p,p), n a = (n,O,O,O), (2.3) and the volume energy density €, pressure p, and densities of quantum numbers n are related through the equation of state of the medium. If the local rest frame is boosted to the velocity ~, then with an introduction of the 4-velocity (2.4) and the projection operator onto the local frame 3-space (2.5) the'fluxes can be written as T aa = €UaU a _ P6aa = (€ + p) uaua _ pgaa, n a = nu a . The dissipative corrections T aa , and va, a a a ..
where the sum in oT Uv runs over quark, antiquark, and gluon distributions, and in on u only over quark and antiquark distributions with the respective ± signs. The equilibrium distributions are ( 2.15) where ±1 is for quarks (gluons) an~ ±u is the chemical potential only for quarks andantiquarks. In Ref. (11), (2.,13-2.14) were used to show that,
with K ~ T T3 being the gluon contribution to heat conduction. , choi ce woul d be the frame where 6n . ,;; O. The boost velocity 6U P = (1, 6U i ) to the Eckart frame would thus be"determined as 6n i -n6u i = 0 and theref6re
The 6T o ; in that frame would also obviously diverge in the small n limit as well. We are therefore forced to use the Landau choice for small baryon density problems. In the small baryon density limit, the relaxation time approximation leads in that case to the following dissipative baryon flux
With a sma 11 baryon number fl ux, the heat conduction representi ng a correction to a small quantity, could be discarded (unless one were specifically interested in the baryon number evolution).
Viscosity Coefficients

Bounds on Shear Viscosity
Familiar 'kinetic theory arguments 19 lead to the following estimate of the shear viscosity coefficient n ~ i~ (n<p>A)i .
1 .
where n is the local density of quanta transporting an average momentum <P>;. over a momentum degradation mean free path Ai' More detailed (3.
2)
The sin 2 e weight in eq. (3.2) arises because large angle scatterings are most effective in momentum degradation.
The above relations are valid only in gases where (1) the mean free paths are small compared to the size of the system A.«L and (2) 1 correlations among the particles can be neglected.
dissipation dominates and Ai are replaced 19 by L.
For A.>L, one body
In fluids or crystals, .involving strong correlations, particles are' confined in local field minima and momentum transport is enhanced by mean field phenomena.
For a quark-gluon plasma, the gas description should apply at very high energy densities because of asymptotic freedom. In contrast, a hadronic medium can be considered a gas at low energy densities because of the short range nature of the forces. Current Bag model and QCD Lattice calculations 1 suggest that the gas approximation should hold for E < EH -0.5 GeV/fm 3 and E >.EQ -2 GeV/fm 3 • In the transition region, the properties of matter are very uncertain. We will simply interpolate linearly between nH ~ n(E H ) and nQ~ n(E Q ) as a function of E, as would be appropriate for a first order transition.
Before estimating Ai via eq. (3.2) we note several physical constrains on A .
• First, the uncertainty principle implies that A. where n = ~ni is the total density of quanta. No matter how large is the free space cross section, the collision rate in many body systems is bounded by the typical energy per particle 21 ,22. Second, in a gas A. another lower bound
A violation of (3.4) would mean that it is possible to maintain local equilibr~um on distance scales involving only one particle. This is only possible in fluids and crystals, where, however, gas kinetic estimates for n tend to grossly under estimate n in any case. Note that for a fixed energy density £ ~<p>n, the two lower bounds are equal if n = £3/4
Consequently, we can combine them to obtain
For ~ = a quark-gluon plasmas, E = 12.2 T , ng = 1.95 T , In summary, a reasonable lower bound on the shear viscosity coefficients
Finite chemical potentials would tend to raise n due to Pauli blocking effects.
In addition to the physical lower bound (3.6), there is a practical upper bound on n necessary for the applicability of the Navier-Stokes equation. The derivation of the dissipative corrections to T ae and n a in eq. (7) Therefore, in order to apply the Navier-Stokes theory we must have Inserting this upper bound into (3.9), we see that the plasma cools more slowly than with n = 0:
This limit just corresponds to constant energy rather than isentropic expansion. It also coincides with the maximum entropy expansion considered in Ref. (6) . The rate of energy density loss, pIT, due to pdV work done on expansion is exactly compensated for by viscous reheating, 4n/3T2, in this limit. This reheating arises by the conversion of longitudinal flow energy into local excitation energy.
Because €T is approximately a constant of motion for n near the upper bound, we can evaluate the right hand. side of (3.10) at the initial time For both sets of parameters the upper bound exceeds the lower-bound for the relevant range of temperatures Tc/2 < T < Tc' Consequently, Navier-Stokes should apply to the expansion of the hadronic phase.
-.,
Perturbation Theory Estimates
It must be emphasized that the upper bound in (3.12) is only a practical constraint. It is entirely possible that n in QCD violates that bound near the critical temperature. In that case, we must (1) abandon the scaling boundary tonditions that lead to the enormous velocity gradients and/or (2) abandon the Navier Stokes description of the final state expansion phase at high energy densities. This possibility can only be assessed after reliable lattice calculations ofn using the Kuboformulas 10 become available.
As With {4.5}, the integral in {4.4} is elementary In practice, because of the 29/6 in (4.8), the logarithmic approximation underestimates n by more than factor of 3 for T I A < 106. Even in the extreme limit (4.9) is a factor of three larger than that estimated in Ref. (11) .9, for T/I\, = 0.5, 1 respectively. This is a very substantial reduction of n as compared with using ~4.6}in (4.8). Therefore higher order effects on the screening mechanism for r -I\, could playa major role in keeping n within the ,bounds of (3.12).
Furt~er ,support, for .the above can be ,found from ~he self consistent solution 'fo~ the electric mass in Ref. (26) . Using ,the Schwinger-Dyson equations to sum higher order (loops within loops) corrections it was found tha~the correction to ord~r g3· was large and negative. This It is known that bulk viscosity, ~, vanishes both in the non-relativistic and ultrarelativistic limits for a gas with a conserved number of particles. 11 However, for processes occurring with a finite relaxation time L* the variation of the sound velocity gives rise to finite bulk viscoSity. 16 We consider here a possible source of bulk viscosity due to the finite relaxation time involved in the quark-gluon plasma to hadronicmatter transition. For illustration, we consider the first order transition within the context of the Bag modeL 1 ,6 For the· hadronic pha~e we take E h , Ph' 0h for a Shuryak gas 4 ,6 as in (3.14).
For the quark phase, we take £Q' the system would bein a mixed phase with a fraction (5.2) of the volume occupied by the plasma.
In a dynamically evolving system where £h) varies as in (3.9) , the concentration A{L) may differ from Aeq{E{L)) because it takes a finite time to convert the' plasma into hadrons~ In that case the pressure p{E,l) in (3.9) is a function of both E and 1. In equilibrium with EH ~ E ~ EQ the pressure is constant (5.3) Therefore for small deviations from equilibrium, 1 = 1eq +'01, (5.4) with the right hand side evaluated atl = 1eq' Noting that the speed of sound in the mixed phase is zero (5.5) (5.2, 5.5) yield (5.6) where C7{E) = (ap/aE) is the speed of sound squared in the system is then likely to be comparable with n in the hadronic phase. Only in the quark-gluon plasma is bulk viscosity likely to be negligible.
Results and Summary
We now apply the previous estimates to the problem of relating final observed rapidity densities to initial energy densities. 5 ,6 For that purpose we recal1 6 that in the scaling regime (6.1) where cr(T) = (e: + p)/T is the entropy density, T f is the breakup time and
Ai ~ nr~A2/3 (ro ~ 1.18 fm) is the transverse area of the beam.
Since d€ = Tdo, from (3.9), the entropy evolves according to
In the absence of dissipative effects To is a constant of motion, we can replace Tfo{T f ) by TOO(TO)
. In Fig. 1 we show the evolution of the energy density, entropy, and entropy production rates for the case E = 12. residue of the collision whose subsequent final state expansion we are considering here. If the dynamics is simply parton-parton scattering and radiation, then that reservoir of energy cannot be tapped, and E(T) must be a monotonically decreasing function. However, it is not ruled out that the confinement mechanism produces color fields or strings that connect the partons in the central region to the high rapidity partons.
In terms of kinetic theory such effects would have to be included in Vlasov terms. Those color fields or strings could accelerate the quarks and gluons and even lead to an increasing internal energy E(T) as shown mimicked by curve 4. However, this type of behavior would be quite exotic. Our expectation is that the energy density will decrease with in the region bounded by curve 1 corresponding to isentropic expansion and the dotted line corresponding to isoergic expansion. From Fig. 1 we also see that most of entropy produced is in the first few fm/c. The reason again is that velocity gradients become small at later times. The asymptotic value of To, (6.5), is thus approached rather quickly.
Next we solve (6.2) for an assumed first order transition within the Bag model (3.14, 5.1). To cover a broad range of possibilities we employ the two sets of parameters 6 discussed above (3.15). In We conclude, from this study that finite mean free paths and relaxation times are likely to lead to a dynamical path intermediate between the idealized isentropic 7 -9 and isoergic 5 ones. In tetms of entropy production at least 20% and up to 100% enhancement of the entropy were found. While we wer~ not able to rul~ out anomalously large dissipative effects in the plasma near the transition temperature, the qualitative arguments pointed to values of n satisfying (3.12).
Antiscreening was identified as potentially important effect in keeping n down.
Our results are in· accord with previous estimates~,-7 with regard to the range initial energy densities that can be expected in ultrarelativistic nuclear collisions. With rapidity densities as 
